A simple extension of the standard model (SM) providing transient magnetic moments to righthanded neutrinos is presented. In this model, the decay of next-to-lightest right-handed heavy neutrino to the lightest one and a photon (N 2 → N 1 + γ) can explain the ∼ 3.5 keV X-ray line signal observed by XMM-Newton X-ray observatory. Beside the SM particles and heavy righthanded Majorana neutrinos, the model contains a singly charged scalar (H ± ) and an extra Higgs doublet (Σ). Within this minimal set of extra fields the sub-eV masses of left-handed neutrinos are also explained. Moreover, we show that the spin-independent DM-nucleon cross-section is compatible with latest LUX data.
I. INTRODUCTION
The existence of dark matter, which constitutes around 26.8% of the total energy budget of the Universe [1], is currently supported by the galaxy rotation curve, gravitational lensing and large scale structure of the Universe [2] . These evidences only indicate the gravitational interaction of dark matter. The detection of dark matter is yet a mystery. The only property of dark matter known to us is its relic abundance and is given by Ω DM h 2 = 0.119 [1] .
Within the framework of the standard model (SM) it is impossible to accomodate a particle candidate of dark matter.
Another aspect of SM is that it does not explain the non-zero neutrino mass which is confirmed by the phenomenon of neutrino oscillation observed in solar, atmospheric and reactor experiments [3] . This indicates towards new physics operative beyond electroweak scale since the SM of particle physics can not explain the same without introducing any extra ingredients. It is found that seesaw mechanisms are the most elegant scenarios for generating small neutrino masses. One of them is the type-I seesaw (or commonly refered as canonical seesaw [4] ) which relies on the existence of right-handed (RH) neutrinos. Despite the sucess of seesaw mechanisms in explaining light neutrino masses, they suffer from direct testability at LHC or at any other near future accelerator experiments. On the other hand, one can lower the scale of new physics by generating neutrino masses through radiative mechanisms [5] .
The recently observed 3.5 keV X-ray line signal in the spectrum of 73 galaxy clusters as reported by the XMM-Newton X-ray observatory [6, 7] will provide a strong hint for nongravitational Dark Matter interaction if confirmed by others. A few attempts have been already taken in order to explain this excess of X-ray signal by (i) decaying dark matter or annihilating dark matter, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , (ii) magnetic dipolar dark matter (via upscattering of dark matter into an excited states and subsequent decay of excited states into dark matter and an X-ray photon), [21] [22] [23] [24] [25] [26] [27] , (iii) others . From the recent explored scenarios it is found that such a photon signal, if the claimed excess persists, can be explained by late decay and/or annihilation of multi-keV mass dark matter, or decay of a second lightest metastable particle to lightest stable particle with a keV mass splitting. Such a monochromatic photon signal cannot be explained within the frame work of standard model (SM) of particle physics.
In this paper, we attempt to explain simultaneously the 3.5 keV X-ray line and non-zero light neutrino masses in a minimal extension of the SM while keeping the scale of new physics at the TeV scales. We extend the SM with three right-handed neutrinos (N 1 , N 2 , N 3 ), one singlet charged scalar H + and an extra Higgs doublet Σ. We also impose a discrete symmetry
2 which does not allow to mix the RH-neutrinos. A small mixing between N 1 and N 2 is obtained by breaking the discrete symmetry softly. As a result a small mass splitting between N 1 and N 2 is created. This allows the next-to-lightest stable particle N 2 to decay to lightest stable particle N 1 through electromagnetic dipole moment operators. If the mass splitting between N 1 and N 2 is about 3.5 keV, then the emittted photon can be identified with the observed X-ray line by XMM-Newton X-ray observatory. Since the lepton number is violated by the Majorana mass of heavy RH neutrinos, the light neutrinos acquire their masses either at tree level or at loop level.
The paper is organised as follows. In section-II and section-III we discuss in details a model of dipolar dark matter which not only give neutrino mass but also explain the 3.5 keV X-ray line. In section-IV, we discuss the relic abundance of dark matter. Constraints from direct detection of dark matter is given in section-V. Section-VI concludes.
II. THE MODEL FOR DIPOLAR DARK MATTER
We augment the SM by introducing three right-handed fermions N iR which are essentially singlets under SU(2) L . We also add a singlet charged scalar (H + ) and a Higgs doublet (Σ) to achieve the proposed objective. The masses of all these new particles are assumed to be
symmetry is also imposed in order to keep the lightest of right handed neutrinos stable, which also serves as a candidate of dark matter. The entire particle content, along with the quantum number assignments, is displayed in Table I . We can then write the Lagrangian as:
where L SM is the SM Lagrangian while the new physics Lagrangian L New contains all terms containing any of the new particles including the right handed neutrinos and is given by: 
where the scalar potential can be given by:
Note that the Σ is ascribed a positive mass-squared so that it does not acquire any vacuum expectation value (vev). Furthermore, we assume that
and N 2 are individually stable. However, under Z 2 × Z ′ 2 symmetry, N 3 goes to itself and hence it is not stable. It can decay through the process: N 3 → ν i Φ 0 . After Electro-Weak phase transition, the neutrino can acquire a small Majorana mass through the type-I seesaw anchored by N 3 .
Notice that Z 2 × Z ′ 2 symmetry doesn't allow N 1 and N 2 to mix with each other. We generate a small mixing between them by breaking Z 2 × Z ′ 2 softly with:
where µ s has to be determined from the observed phenomenon. In particular, the breaking of Z 2 × Z ′ 2 symmetry allows a mixing between N 1 and N 2 . As a result N 2 can decay via N 2 → N 1 + γ. The emitted photon can be identified with the recent observation of 3.5 keV X-ray line signal by the XMM-Newton X-ray observatory.
A. Constraints on new particles
Since Σ is a scalar doublet under SU(2) L , it couples to Z-boson and hence can modify the decay width of Z-boson. Therefore, we take the masses of Σ particles to be larger than
The mass of the singlet chaged scalar H ± is lower bounded by LEP. It is given to be [53] M H > 80GeV .
B. Mass splitting between N 1 and N 2
Mass splitting between N 1 and N 2 due to radiative correction through breaking of Z 2 × Z ′ 2 symmetry.
As mentioned before, the breaking of Z 2 × Z As a result the Majorana mass matrix in the basis of (N 1 , N 2 , N 3 ) can be given by:
Diagonalizing the mass matrix, we get the mass eigenvalues M 1 + ∆M 12 and M 2 − ∆M 12
and M 3 . Thus the mass splitting between the two eigenstates N 1 and N 2 is given by
If we assume that N 2 is heavier than N 1 , then the former can decay to latter by emitting a monochromatic photon with energy equal to the mass difference between them. Moreover, the life time of N 2 should be larger than the age of the universe so that it can decay in the current epoch. If the mass difference between N 2 and N 1 is of ∼ keV, then the recent observation of X-ray line can be accommodated in this beyond SM scenario.
III. MAGNETIC DARK MATTER (MDM) AND MONOCHROMATIC PHOTON
Let us first discuss the electromagnetic properties of heavy RH neutrinos N i with photon before deducing the potential implications of the magnetic dipole moment operator in radiative decay N 2 → N 1 + γ. Due to the Majorana nature, the diagonal magnetic moment of heavy Majorana neutrinos is zero. There is only transition magnetic moment for them. The electromagnetic coupling for the heavy neutrinos with photon, via dimension-five effective magnetic dipole moment (MDM) operator is
where F αβ is the electromagnetic field tensor and µ 12 is the transition magnetic moment between the first and second generation of heavy right-handed Majorana neutrinos N 2 , N 1 which can be calculated from Fig. (2) as where
Assuming M 2 < M Σ , M H and with a typical set of values: M 2 ≃ 100 GeV, M Σ ≃ M H = 384GeV, the loop factor is estimated to be 4.4 × 10 −5 .
Since we assume the mass splitting between N 1 and N 2 is order of keV, the decay of N 2 to N 1 can give rise a monochromatic X-ray line. The decay rate of N 2 → N 1 γ is estimated as:
where
is the energy of the emitted photon, which is nothing but the mass difference between N 1
and N 2 . For the observed X-ray line we use δ ∼ 3.5keV and Γ(N 2 → N 1 γ) = 0.36 − 3.3 × 10 −52 GeV(M 2 /3.5keV) for decaying dark matter [6, 13, 27] . This implies that for M 2 = 100 In order to fix the scale of new physics let us define the ratio:
In the above equation I tot can be evaluated numerically. In particular, for a 350 GeV DM mass, using δ = 3.5keV and µ 12 = 2.46 × 10 −14 GeV −1 we get M Σ ≈ M H = 380GeV. Thus the mass scale of the new particles are not far from the electroweak scale and hence can be searched at the collider. In particular, the charged scalars H ± and Σ ± are important.
These particles can be pair produced at LHC via the exchange of SM Higgs particle. For
e + e − + missing energy. Σ ± particles can also be detected through other decay processes, such as:
, where f, f 1 , f 2 are SM fermions.
B. Light neutrino Mass
Through the electroweak (EW) phase transition, one of the Yukawa term (Y ν ) α3 ℓ αLΦ N 3R
generates a Dirac mass term: (M D ) α3 = (Y ν ) α3 v ew , where v ew = Φ and α = e, µ, τ . But the N 3 has a Majorana mass term M 3 N 3 N 3 which breaks lepton number by two units. As a result we get a Majorana mass matrix for light neutrinos to be:
Diagonalizing the above mass matrix we get the eigenvalues:
ew /M 3 , 0, 0. Thus at the tree level only one of the neutrinos is massive, say ν 3 . This is because of the exact Z 2 × Z ′ 2 symmetry in the Lagrangian which prevents the Yukawa terms ℓ α ΦN 1R and ℓ α ΦN 2R . On the other hand, the fact that M 2 Σ > 0 prevents a vacuum expectation value for Σ field, we can not generate a Majorana mass of light neutrinos at the tree level through the coupling: Y Σα2 ℓ αLΣ N 2R . However, the latter can be generated through one loop radiative correction diagram as shown in Fig.3 . Because of the quartic coupling: (m (NLSP) is the N 2 and is stable on the cosmological time scale. It decays to N 1 through the electromagnetic coupling as shown in Fig. 2 . Since the observed X-ray line implies that the effective electromagnetic coupling of N 1 and N 2 with photon is extremely small, the life time of N 2 is larger than the age of the Universe. Therefore, N 2 is also a candidate of dark matter. When N 2 decays its density gets converted to N 1 , while the net DM abundance remain intact.
Since the electromagnetic coupling between N 1 , N 2 and γ is small, it can not bring the former two to thermal equilibrium. Note that to bring N 1 and N 2 to thermal equilibrium through electromagnetic coupling one needs the magnetic dipole moment µ 12 ∼ 10 −4 GeV −1 [55] . Hence the only way the right handed neutrinos are brought to thermal equilibrium is the interaction of N 1 with the singlet charged Higgs (H + ) and right-handed charged leptons (ℓ R ) and that of N 2 with the SU(2) L doublets ℓ L and Σ. For estimating the relic abundance of DM, the keV scale mass splitting between N 1 and N 2 is irrelevant.
So for all practical purpose we assume M N 1 = M N 2 = M DM . As the temperature falls below the mass of DM, it decouples from the thermal bath. The decoupling temperature is given by T f = M DM /x f , where x f ≈ 25. The relevant cross-sections are given in appendix-B. The relic abundance obtained through co-annihilation of N 1 with H + and that of N 2 with Σ can be given by [56] Ω DM h 2 = 1.09 × 10 9 GeV
with σ|v| eff = σ|v|
In the above equation the effective co-annihilation cross-sections of N 1 with H + and that of N 2 with that of Σ are given as:
where g i , i = 1, 2 represents the internal degrees of freedom of N 1 and N 2 , g X represents the internal degrees of freedom of X-particle (H + , Σ) co-annihilating with N i , i = 1, 2 and
To estimate the contribution of N 1 and N 2 to relic abundance we define the ratios:
We have shown r 1 and r 2 as a function of M DM in Fig. (4) for
for simplicity we assume the masses of H + and Σ to be M X . We define Ω old h 2 as the relic abundance of DM assuming M DM = M X . Then we check the effect of mass splitting on the relic abundance. This is shown in Fig. (5) . From increases with the rise of mass splitting between the DM and X-particles. This is due to the fact that relic abundnace is inversly propertional to the effective cross-section, which suffers a Boltzmann suppression, i.e., σ|v| ∝ e −x∆ X . Therefore, the effective cross-section decreases with the increase of mass splitting. Next we show the dependency of the observed 
V. DIRECT DETECTION OF DARK MATTER AND CONSTRAINTS
In this section, we wish to constrain the model parameters from the direct detection experiments for dark matter and LUX experiment [57] is one such experiment considered in our present analysis. Since the mass splitting between N 1 and N 2 is only 3.5 keV, so for all practical purposes we consider the spin independent DM-nucleon interaction N 1 n → N 2 n, mediated by SM Higgs exchange, to be elastic. The Feynman diagram for DM-nucleon interaction for direct ditection is shown in Fig. 7 . We denote the effective coupling between N 2 − N 1 − Φ entering into this interaction as λ eff and is given by:
Thus the spin independent DM-nucleon cross-section can be given as:
Elastic scattering of magnetic dipolar dark matter with target nuclei.
is the reduced DM-nucleon mass with m n = 0.946GeV
and M h = 125GeV is the SM Higgs mass. The effective coupling between the SM Higgs and nucleon is given by: f n m n /v ew which depend upon the quark content of the nucleon for each quark flavour. The Higgs-nucleon coupling f n is given by:
where the sum is over all quark flavors. In the present analysis, we have used f n = 0.32 [58] though its value can lie within a range f n = 0.26 − 0.33 [59] . Using M Σ ≈ M H = 100GeV
and Y H = Y Σ = 0.5 we get σ SI ≈ O(10 −59 )cm 2 , which is much smaller than the current stringent limit: σ SI = 7.5 × 10 −46 cm 2 from LUX.
VI. CONCLUSION
In this paper we have shown that the observed 3.5 keV X-ray line signal and neutrino mass can be explained simultaneously in a minimal extension of the SM. We extend the SM with three right-handed neutrinos (N 1 , N 2 N 3 ), a charged scalar H + and a Higgs doublet (Σ) which transforms non-trivially under a discrete symmetry Z 2 × Z ′ 2 . The lightest odd particle is N 1 and behaves as a candidate of DM. The next to lightest odd particle is N 2 whose mass is separated from N 1 by 3.5 keV. As a result the total DM of the universe is a mixture of N 1 and N 2 abundance. However, the discrete symmetry is broken softly so that N 2 decays to N 1 + γ in the present universe, converting its abundance to N 1 while keeping the total DM abundance intact. The γ can be identified with the observed 3.5 keV X-ray line. Since N 3 couples to the SM lepton and Higgs doublet, a small Majorana mass for one of the light neutrinos is generated through the canonical seesaw mechanism. The other neutrinos get their masses at one loop level.
We show that the required relic abundance of DM implies the masses of new particles H ± and Σ ± are not far from the electroweak scale. So these partciles can be pair produced and their subsequent decay can be searched at LHC.
We noticed that the direct detection cross-section of DM with the nucleon is highly suppressed. Therefore, the constraints on the model parameters are almost negligible. The effective Lagrangian accounting the interaction between photon and two neutral fermions states is given as
We present here the Feynman calculation for transitional magnetic moment between two neutral fermion states N 2 and N 1 leading to the decay N 2 → N 1 γ explaining the 3.5 keV Xray line signal. The possible Feynman diagrams which yield transitional magnetic moment µ 12 and decay process N 2 → N 1 γ is shown in Fig. 8 . Let us assign the four-vector momenta of N 2 , N 1 and proton by p 1 , p 2 and k, respectively. The Feynman amplitude for the magnetic dark matter decay shown in Fig. 8(a) can be written as where i Γ (a)
µ is factored out to be
We denote D −1 and N µ as follows
After doing some simpler algebra, we get
The integral now becomes 
where α = e, µ, τ
The relic abundance of N 2 is obtained through its co-annihilation with Σ particles via the following processes are 
